Abstract. Flyer acceleration technique using high-power lasers has several advantages such as the achieved velocities higher than 10 km/s and non-contamination to the products generated by impacts. In this study, we show that a high-power laser can achieve flyer velocities higher than 10 km/s up to 60 km/s using spherical projectiles with a diameter of 0.1 − 0.3 mm. We discuss the projectile condition during the flight based on the results of numerical simulations.
INTRODUCTION
Impact experiments in planetary sciences have been mainly carried out with two-stage light-gas guns, with which macroscopic ( 0.1 mm) projectiles are not easily accelerated to more than 10 km/s. Since, the average impact velocities of asteroids on Earth and other terrestrial planets during the final stages of planetary accretion are estimated to be higher than 10 km/s, the details of the effects by such impacts on the environments have not been understood well.
The irradiation of high-intensity lasers is a relatively familiar method to accelerate flyers to higher velocities than 10 km/s. High-power laser systems have been used to accelerate thin sheets to velocities above 10 km/s to produce square-shaped shock waves without the pre-heating of targets [e.g., [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Since, for planetary interest, the impacts of projectiles with an aspect ratio of ∼1 at velocities higher than ∼10 km/s are highly desirable, we have developed a laser-gun, which can accelerate aluminium (Al) spheres to velocities higher than 10 km/s [11] [12] [13] [14] . Based on this flyer acceleration technique, the experiments of the impact vaporization and the investigation of the chemical compositions of the vapor This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. have been carried out at high velocities 10 km/s [15, 16] . Also, the scaling laws of crater diameter and depth, silicate melt, size and the velocity distributions of ejecta [17] , and recovering highly pressured minerals and organics at such high impact velocities, are now proceeding.
Here, first, we summarize the velocity of projectiles obtained by our laser-gun system. One important problem of the laser guns for spherical projectiles is the condition of the projectiles. To investigate the condition, we carry out some numerical simulations about the laser irradiation and acceleration of Al spheres, in which the laser conditions and the projectile velocity are consistent with the results of the experiments. Then, we discuss the thermodynamic conditions of projectiles based on the numerical results.
EXPERIMENT AND RESULTS
GEKKO XII-HIPER laser at Institute of Laser Engineering, Osaka University, was used to accelerate flyers. Laser wavelength, pulse width, and energy was 1.054 nm, ∼10-20 ns, and ∼0.8-5 kJ, respectively. Typical temporal profile is shown in Fig. 1(a) . Laser irradiated Al, glass, gold, and diamond spheres with a size of 0.1-0.3 mm. A very thin surface of the projectiles vaporized and became highdensity and temperature plasma, which accelerated the projectiles. We observed the acceleration process using an x-ray streak camera. The position of the projectiles can be measured from the streak camera images as a function of time. Hence, the projecitle velocity is evaluated [11] [12] [13] [14] . Figure 1 also shows two images of the acceleration process of (b) diamond and (c) Al projectiles obtained by the streak camera. Time is vertical and 20.5 ns from top to bottom. The projectiles were irradiated from right. The horizontal white bar in each figure is a scale of space indicating the projectile diameter, 300 and 250 m, respectively, setting at the initial positions of the projectiles. We can observe self-luminous emission from ablation plasma on the right-hand side of the projectiles. We trace the positions of the laser irradiation surface as a function of time, and obtain the velocity of projectiles. The estimated final velocities in these shots are 10.5 and 12.2 km/s, respectively. Figure 2 shows the final velocity v of projectiles as a function of laser energy E normalized by projectile mass m p , 2 E/m p . If a constant fraction k of laser energy is transferred to the kinetic energy of projectiles, v varies with 2 E/m p as v = (2 kE/m p ) 1/2 , indicated by straight lines for the cases of k = 1, 0.1, and 0.01%. It can be seen that v increases with 2 E/m p , and most data exist between k = 0.1 and 0.01%, though there is some scatter.
DISCUSSION
Numerical simulations were performed to estimate the temperature, density, and velocity of the projectiles using a two-dimensional arbitrary-Lagrangian-Eulerian radiation hydrodynamic code for laser plasma, "PINOCO" (precision integrated implosion numerical observation code) [18] . Figure 3 shows a result of the numerical simulation for the case of an Al sphere with 300 m in diameter. (a) Before the laser irradiation. An Al 300 m sphere is set as the position of the left hand side of the projectile is the origin (indicated by a cross). The scale is common in all figures in Fig. 3 . Laser irradiation starts at 0 ns from the right and the intensity increases with a Gaussian profile with 4 ns FWHM. Then, it peaks at 10 ns and decreases with another Gaussian with 10 ns FWHM (Fig. 3b) .
Laser energy is 3 kJ and 60 % is absorbed. The spatial profile of the laser is a Gaussian with 300 m FWHM. Figure 3 also shows the mass density in g/cm 3 (top) and the temperature in eV (bottom) contours, (c) 10 ns after the beginning of the laser irradiation; the shock wave propagates into the projectile, (d) 30 ns after the beginning of the irradiation; the projectile is accelerated to the left, and (e) 50 ns after the beginning of the irradiation; the temperature of the projectile decreases below ∼ a few 19002-p. 3 EPJ Web of Conferences thousand degrees while the mass density is an order of ∼1 g/cm 3 . This suggests that the projectile does not vaporize. Since the resolution of this code at lower temperature than ∼1000 K is not enough, the accurate temperature (and density) at the later stages is not obtained and it is not clear whether the state of the Al projectile is solid or liquid at present. The velocity of the projectile is ∼11 km/s, which is consistent with the experiments. It should be noted that the projectile expands to lateral direction. This is probably because the projectile is not "solid" even at rather low temperature, since the simulation treats only gas and plasma, and recrystallization process is not taken into account.
CONCLUSION
Using a high-power laser, GEKKO XII-HIPER, we accelerate Al, glass, gold, and diamond spheres 0.1 − 0.3 mm in diameter to higher velocities than 10 km/s up to 60 km/s. The numerical simulation indicates that the temperature of the projectile after the laser irradiation quickly decreases below thousand degree even at a density of ∼1 g/cm 3 . This suggests that the projectile is not vapour before the impact to the targets.
